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Abstract

We have developed mathematical models for evaluating the atmospheric dispersion of selected
chemical warfare agents (CWA), including the evaporation and settling of contaminant liquid
droplets. The models and numerical results presented may be utilised for designing protection
and control measures against the conceivable use of CWA’s. The model AERCLOUD (AERosol
CLOUD) was extended to treat two nerve agents, sarin and VX, and the mustard agent. This
model evaluates the thermodynamical evolution of a five-component aerosol mixture, consisting of
two-component droplets together with the surrounding three-component gas. We have performed
numerical computations with this model on the evaporation and settling of airborne sarin droplets in
characteristic dispersal and atmospheric conditions. In particular, we have evaluated the maximum
radii (rM) of a totally evaporating droplet, in terms of the ambient temperature and contaminant
vapour concentration. The radii rM range from approximately 15–80 �m for sarin droplets for the
selected ambient conditions and initial heights. We have also evaluated deposition fractions in terms
of the initial droplet size. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The airborne dispersal of a liquefied chemical warfare agent (CWA) results in contaminant
liquid droplets of various sizes. Larger contaminant liquid droplets may deposit near the
point of release, causing ground contamination. Smaller droplets may remain suspended
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Nomenclature

c molar density (kmol m−3)
Cd coefficient of drag
Cp specific heat (J (kg K)−1)
d diameter (m)
D binary diffusion coefficient (m2 s−1)
ē heat flux density (J (s m)−1)
g acceleration due to gravity (m s−2)
Hv specific enthalpy (J kg−1)
ī mass flux density (kg (s m)−1)
I mass flux (kg s−1)
k Boltzmann’s constant (J K−1)
kg thermal conductivity (W (m K)−1)
M molecular weight (kg kmol−1)
n̄ molar flux density (kmol (s m)−1)
Nu Nusselt number
p pressure (Pa)
P pressure (atm)
Pr Prandtl number
Q heat flux (J s−1)
r radius (m)
Re Reynolds number
S saturation ratio
Sc Schmidt number
Sh Sherwood number
t temperature (◦C)
T temperature (K)
v velocity (m s−1)
X mole fraction

Greek symbols
ε Lennard–Jones energy (J)
µ dynamic viscosity (kg (s m)−1)
ρ density (kg m−3)
σ Lennard–Jones length (Å)
Ω collision integral

as an aerosol, forming a so-called primary cloud, which may be transported in the air
over substantial distances. Vaporising contaminant liquid on the ground forms a so-called
secondary cloud. For persistent CWA’s, a substantial ground contamination is formed,
while for volatile agents, most of the contaminant is contained in the primary cloud. Fig. 1
illustrates these processes.
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Fig. 1. A schematic diagram of the dispersal and spreading of chemical warfare agents in the atmosphere.

Modelling of these processes requires (i) an estimation of the initial dispersal mechanisms,
together with treatments of (ii) the source term evolution, (iii) the dispersion of the primary
aerosol cloud, (iv) vaporisation of liquid deposited on the ground, and (v) the subsequent
atmospheric dispersion of the secondary cloud. The crucial factors for these processes are
the meteorological conditions, aerosol phenomena (particularly the vaporisation and settling
of liquid droplets), the chemical and physical properties of the substances, and the ambient
terrain and obstacles.

Most of the available literature addresses modelling using various versions of Gaussian
models (for example, Milly and Thayer [1], Johnson [2], Somani [3] and Whitacre et al. [4]).
Some authors have presented models of the vaporisation and settling of airborne contaminant
droplets (for example, Aroesty [5] and Johnson [2]), and of the vaporisation of ground
contamination (for example, Johnson [2]). The United States Army [6], for example, utilises
mathematical models and results presented by Johnson [2] and Aroesty [5] (the NUSSE2
model), and Somani [3] and Whitacre et al. [4] (the D2PC model). Kolodkin [7] has presented
an analysis of the explosions and fires of storehouses containing chemical ammunition
composed of organophosphorus agents.

The present authors have previously presented the AERCLOUD model (AERosol
CLOUD); a detailed description of the model, including numerical results and evaluation
against experimental data has been presented by Kukkonen et al. [8], Vesala and Kukko-
nen [9] and Nikmo et al. [10]. The model evaluates the thermodynamical evolution of a
five-component aerosol mixture, consisting of two-component droplets together with the
surrounding three-component gas.

We focus here on the evaluation of aerosol processes that are relevant for the source
term formation, atmospheric dispersion and deposition of CWA’s. We have performed
numerical computations with the AERCLOUD model regarding the evaporation and settling
of airborne sarin droplets in characteristic dispersal and atmospheric conditions.
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2. Mathematical model

2.1. Overview of the AERCLOUD model

In earlier papers, a model was presented for estimating the evolution of an aerosol con-
taining contaminant droplets, contaminant vapour and dry air (Kukkonen et al. [8], Vesala
et al. [11]), and the model was validated against experimental results on a laboratory scale
(Vesala et al. [11]). Later, the model was generalised to allow for the effects caused by
water vapour in the entrained air (Vesala [12], Vesala and Kukkonen [9]), the experimental
validation on a laboratory scale being reported by Vesala [12].

The model was originally designed for a constant mass of air, but it has recently been
generalised to admit a time-varying ambient dilution (Nikmo et al. [10]). The AERCLOUD
model has also been applied to test the homogeneous equilibium (HE) assumption, in the
context of two-phase ammonia clouds released in dry and moist air (Kukkonen et al. [13]).
The HE model is commonly adopted in dispersion models of two-phase jets and clouds.
For a detailed description of the model, we refer the reader to the above-mentioned papers;
however, for convenience we present here the main points of the model.

2.2. Expressions for mass and heat transfer

The AERCLOUD model takes account of the detailed temperature and concentration
gradients near the surface of a binary droplet. The essential problem is the modelling of the
mass and heat transfer processes from the droplets into the surrounding gas. The droplets are
assumed to be in the continuum regime and the droplet growth and evaporation are assumed
to be quasistationary, i.e. the droplets are large enough (>1 �m) to see the surrounding gas
as a continuum, and the concentration and temperature profiles around the droplets are at
any time essentially the same as in the steady state, with changes directly following changes
in the boundary conditions.

The mass fluxes are calculated using the well-known formula taking into account ordinary
diffusion; thermal diffusion resulting from the temperature gradient is ignored (see Kulmala
and Vesala [14]). The influence of forced convection (due to the free fall of droplets) shall
be addressed later. For a n-component ideal vapour mixture the mole fraction gradient of the
species i due to ordinary diffusion, ∇Xi , is given by the Stefan–Maxwell equations (Curtiss
and Hirschfelder [15]):

∇Xi =
n∑

j=1,j �=i

(cDij)
−1(Xin̄j − Xj n̄i) (1)

where c is the molar density of the mixture, Dij the diffusion coefficient for the pair i–j in
a binary mixture, i.e. the binary diffusion coefficient of species i with respect to species j
and n̄i the molar flux density of species i in the stationary coordinates.

In the present model, we consider binary vapour mass transfer in an inert gas. There is no
net flux of the inert gas in the stationary coordinates, and its molar flux density vanishes. The
Stefan–Maxwell equations form therefore for this system a set of two non-linear differential
equations for the vapour mole fractions. This set of differential equations can be solved



J. Kukkonen et al. / Journal of Hazardous Materials A85 (2001) 165–179 169

analytically, which produces non-linear algebraic equations. The detailed form of these
equations has been presented by Vesala and Kukkonen [9].

The heat flux is governed by Fourier’s law of heat conduction and by the enthalpy carried
by diffusing species. The heat flux density in stationary coordinates is given by (for instance,
Bird et al. [16])

ē = −kg∇T +
n∑

j=1

Hjv īj + ērad (2)

where kg is the thermal conductivity of the gas, T the temperature and Hj v the partial specific
enthalpy of the vapour of species j. The partial enthalpy of mixing of the gaseous phases
can be neglected, and Hj v is therefore equal to the vapour enthalpy of pure species j; īj is
the mass flux density of species j and ērad is the radiative heat flux density.

The first term represents pure thermal conduction and it corresponds to the well-known
Fourier’s law of heat conduction. The second term is the heat transported by diffusion, as
a result of the difference in the enthalpies of the diffusing substances. An equation for the
temperature of the droplet can be derived using the energy conservation and Eq. (2); the
detailed expression has been presented by Vesala and Kukkonen [9].

2.3. The influence of forced convection and the droplet population

If the droplets are moving with respect to the surrounding gas, the rates of mass and
heat transfer are increased due to forced convection. If droplet ventilation is allowed for,
the diffusive mass fluxes are multiplied by the droplet Sherwood number, and the thermal
conductivity is multiplied by the droplet Nusselt number. The Sherwood number is defined
as the ratio of the total mass transfer to the purely diffusive mass transfer, and the Nusselt
number as the ratio of the total heat flux to the purely conductive heat flux. The following
semi-empirical relations were used:

Sh = I/Id = 1 + 0.276 Re1/2Sc1/3 (3)

and

Nu = Q/Qc = 1 + 0.276 Re1/2Pr1/3 (4)

where I and Q are the total mass and heat fluxes, and Id and Qc are the purely diffusive
and conductive fluxes. Droplet Reynolds number Re = vdpρg/µg, where v is the relative
velocity of particles and gas, dp the droplet diameter, and ρg and µg the density and the
dynamic viscosity of the gas, respectively. Schmidt number Sc = µg/(ρg D), where D is
the binary diffusion coefficient of vapour through air. Prandtl number Pr = Cpg µg/kg,
where Cpg is the specific heat of the gas.

The terminal settling velocities of droplets (required for the computation of Re) were
determined numerically from standard equations. For particles in the continuum regime

v =
(

4ρddpg

3Cdρg

)1/2

(5)
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where ρd is the density of the droplet, g the acceleration of gravity and Cd is the coefficient
of drag. We utilised the form of the coefficient Cd for various flow regimes in terms of Re
presented by Seinfeld [17].

The earlier model version (Vesala and Kukkonen [9]) allowed for the simultaneous evap-
oration and condensation of a population of droplets, according to the theory presented by
Wagner and Pohl [18]. The present model version (Nikmo et al. [10]) uses an extension
of this theory. We consider a sphere around a droplet which is substantially larger than the
radius of the droplet, but sufficiently small compared with the mean droplet separation. It
is assumed that steep vapour pressure and temperature profiles occur only in the immediate
vicinity of the droplets, i.e. within the sphere defined above.

Consequently, average vapour pressures and temperatures in the gas (sufficiently far from
the droplets) can be defined, and these are then influenced by the entrainment of moist air and
by evaporation and condensation processes. The theory is valid at all but the very highest
droplet densities. This situation is not expected to be a severe restriction for dispersing
clouds.

2.4. The utilisation of the model

In summary, the AERCLOUD model evaluates the thermodynamical evolution of a
five-component aerosol mixture. The gas phase consists of an inert gas (such as air) and
the vapours of the species forming the droplets. The model also allows for a temporally
varying amount of moist air, i.e. entrainment. The model can be utilized as a thermodynamic
submodel in heavier-than-air cloud dispersion models. In addition to the thermodynamic
evolution, the model also evaluates the contaminant mass deposited as liquid.

3. Numerical results

We present in the following a compilation of the substance properties of the selected
CWA’s, and results on the evolution of airborne sarin droplets, computed with the AER-
CLOUD model. The range of conditions selected for the numerical computations is fairly
limited, e.g. the release height varies from 1 to 10 m, and the ambient temperature from −20
to +20◦C. However, the main objective here is to illustrate the main physical dependencies,
not to include all conceivable conditions.

3.1. The relevant physical and chemical properties of sarin, mustard agent and VX

A compilation of the relevant substance properties is presented in Appendix A. These
properties were applied in the numerical computations. Sarin and VX are classified as nerve
gases; mustard agent is commonly classified as a blister agent.

The saturated vapour pressure is a key parameter in terms of the agent volatility, and the
formation and persistence of ground contamination. The vapour pressures of water, sarin,
mustard agent and VX have therefore been presented in Fig. 2. All of these CWA’s are more
persistent than water; sarin is clearly the most volatile of these CWA’s, and VX is the most
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Fig. 2. Variation of the saturated vapour pressure of water, sarin, mustard agent and VX with temperature. The
melting points of sarin, mustard agent and VX are −57, +14 and −39◦C, respectively (shown in the figure with
a diamond).

persistent. Usually sarin is classified as a volatile agent, mustard agent and VX as persistent
agents (e.g. Ivarsson et al. [19]).

3.2. The vaporisation and settling of sarin droplets in the atmosphere

Due to relatively high volatility of sarin, both an initial cloud from vaporisation and an
evaporation cloud from a ground deposit may result (Milly and Thayer [1]). It is there-
fore essential to evaluate the vaporisation and deposition of sarin droplets in characteristic
dispersal conditions.

Fig. 3 shows the effect of gas temperature on the rate of evaporation of airborne sarin
droplets. The concentration of sarin vapour within the cloud is assumed negligible (con-
taminant saturation ratio in the gas S = 0). The rate of the evaporation process increases
with increasing gas temperature. Physically, if the gas temperature is low, the processes
transferring heat to the droplet surface act more slowly, and drying times are longer.

Fig. 4 shows the drying times of sarin and water droplets for various initial droplet radii.
The boiling and melting points of sarin at atmospheric pressure are approximately 152 and
−57◦C, respectively. The drying times for sarin droplets are longer than those for water
droplets, due to the lower volatility of sarin (cf. Fig. 2). The ratio of the corresponding evap-
oration times for sarin and water varies from 1.8 to 2.4 in the assumed ambient conditions.

The saturation ratios in Fig. 4 for sarin correspond to contaminant concentrations as fol-
lows: 0.0012 (+20◦C) corresponds to 14 mg m−3, 0.06 (+20◦C) corresponds to 714 mg m−3

and 0.06 (−20◦C) corresponds to 23 mg m−3. The saturation ratio has a very slight influence
on droplet evaporation; this is physically caused by the relatively low contaminant vapour
pressure compared with the total vapour pressure (S 	 1.0).

In order to estimate the fraction of dispersed material forming ground contamination, it
is essential to evaluate the deposition of the droplets. We therefore define a droplet radius
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Fig. 3. The effect of gas temperature on the evaporation of a freely-falling sarin droplet. The contaminant saturation
ratio of sarin in the gas (S) is negligible.

rM, for which the drying time (total evaporation time) and the gravitational settling time
are equal (Kukkonen et al. [8]). This radius gives the largest totally-evaporating droplet
released from a specified height. The radius rM is a useful concept in deposition estimates.
Droplets that are smaller than this size will evaporate totally while still airborne, whereas
larger droplets will deposit on the ground before total evaporation takes place.

Fig. 4. Variation of the drying time of sarin and water droplets with droplet radius. The curves are shown for three
combinations of gas temperature (T ) and saturation ratio in the gas (S).
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We have assumed here that the gas is at rest, and therefore, the possible instability
of droplets in the actual flow field, as well as turbulent deposition, have been neglected.
Estimates of liquid deposition using this concept are also possible without using a complex
aerosol cloud model; Kukkonen et al. [8] have presented an analytical expression for rM
under simplifying assumptions.

Fig. 5. (a–b) Variation of the drying time and gravitational settling time of water and sarin droplets with initial
droplet radius. The curves are shown for three combinations of gas temperature (T) and saturation ratio (S), and
the initial height of the droplets ranges from 1 to 10 m.
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Fig. 5a–b show the drying and settling times of water and sarin droplets against the
droplet radius. The curves have been shown for three combinations of gas temperatures and
saturation ratios in the gas, and for three initial heights. The simultaneous evaporation and
settling of the droplets have been taken into account in the computation of the curves.

Each settling time curve corresponds to one drying time curve and each intersection point
of these curves corresponds to the maximum radius rM of a totally evaporating droplet. The
radii rM range from approximately 40–110 �m for water droplets for the selected ambient
conditions and initial heights. The corresponding radii for sarin droplets range from 15
to 80 �m. The smaller radii for sarin droplets are mainly due to the longer drying times.
Evidently, the radius rM increases with increasing release height, as the gravitational settling
time increases with height. For a given release height, rM decreases with decreasing gas
temperature and increasing saturation ratio, as the drying time is longer in these conditions.

The droplet size regimes in which deposition or total evaporation is likely to take place
in various conditions can be estimated from Fig. 5b. For instance, for a 100 �m droplet
released from heights <10 m in the given conditions, the settling times are less than about
20 s and the drying times are >50 s. The deposited mass fraction is therefore expected to be
close to unity.

The above-mentioned curves have been computed assuming a negligible droplet concen-
tration. The effect of the simultaneous evaporation of a population of droplets is to increase
the drying times, resulting in smaller rM; this effect is allowed for in the AERCLOUD
model.

As discussed earlier, estimation of the deposition of droplets is important for atmospheric
dispersion analyses. We define the deposited mass fraction as the ratio of the deposited
contaminant liquid mass to the total contaminant mass (the deposition of vapour is not
considered here). Fig. 6 shows the influence of release height on the deposited mass fraction

Fig. 6. The deposited mass fraction of a uniform population of sarin droplets against the initial droplet radius. The
initial height of the volume is 1, 3 or 10 m. The gas temperature is 20◦C and the vapour pressure of sarin in the
gas is negligible.
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of a population of sarin droplets. The droplet population is assumed to be monodisperse and
uniformly distributed in a volume with the height of 1, 3 or 10 m. The droplet concentration
is assumed to be low. Further, it is assumed that enough time is available for the process,
i.e. finally all liquid sarin has either fallen to the ground or evaporated completely.

Clearly, the deposited mass fraction decreases with increasing release height, for all
values of the initial droplet radius. A corresponding figure for a population of ammonia
droplets has been presented by Vesala and Kukkonen [9]. The deposited mass fractions are
substantially lower for ammonia, compared with those for sarin, due to the higher volatility
of ammonia.

4. Conclusions

We have extended the model AERCLOUD (AERosol CLOUD) to treat two nerve agents,
sarin and VX, and the mustard agent. This model evaluates the thermodynamical evolution
of a five-component aerosol mixture, consisting of two-component droplets together with
the surrounding three-component gas. This paper presents an overview of the model, and
its extension to treat the above mentioned substances.

We have performed numerical computations regarding the evaporation and settling of
airborne sarin droplets. We have defined a droplet radius rM for which the drying time (total
evaporation time) and the gravitational settling time are equal. This radius is a useful concept
in deposition estimates. Droplets that are smaller than this size will evaporate totally while
still airborne, whereas larger droplets will deposit on the ground before total evaporation
takes place. The radii rM range from approximately 15 to 80 �m for sarin droplets in the
selected ambient conditions and initial heights. We have also evaluated the deposited mass
fractions in terms of the initial droplet size.
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Appendix A. The relevant physical and chemical properties of sarin,
mustard agent and VX

The properties of sarin are estimated from the references Bryant et al. [20] and Reid et al.
[21]; the properties of mustard agent and VX are estimated from the references Somani [3],
Whitacre et al. [4], Prince [22], Ivarsson et al. [19], Reid et al. [21], Breck [23], Compton
[24], Franke [25] and Watson et al. [26]. Table 1 presents a compilation of this data.

The binary diffusion coefficient D of sarin is 5.92 × 10−6 m2 s−1. For mustard agent and
VX, D is estimated from

D = 2.628 × 10−7

√
(M1 + M2)(2M1M2)−1

Pσ 2
12Ω

T 3/2 (A.1)
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where Mi is the molecular weight of species i, P the pressure in atmospheres and T the
temperature. The collision integral Ω and σ 12 are given by

Ω = 1.06036

T ∗0.1561
+ 0.193

exp(0.47635T ∗)
+ 1.03587

exp(1.52996T ∗)
+ 1.76474

exp(3.89411T ∗)
(A.2)

σ12 = σ1 + σ2

2
(A.3)

where T ∗ = T k/(ε1 ε2)
1/2, where k is Boltzmann’s constant and εi is the Lennard–Jones

energy of species i, which is estimated by εi = 1.15 k Tbi , where Tbi is the boiling point of
species i. The Lennard–Jones length σ i of species i is estimated by σi = 0.118 (Mi /ρbi)1/3,
where ρbi is the density of liquid at boiling point and σ 2 is 6.36 Å and 7.93 Å for mustard
agent and VX, respectively.

The molecular structure of these compounds is as follows.
Sarin:

Mustard agent: ClCH2CH2–S–CH2CH2Cl
VX:
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